Introduction
============

Continuous performance tests (CPTs) are usually used to objectively measure attention performance.[@b1-ndt-13-2921] Attention deficit hyperactivity disorder (ADHD) is a highly prevalent disability.[@b2-ndt-13-2921] In school settings, ADHD is considered a developmental disability related to learning problems.[@b3-ndt-13-2921] The CPTs are commonly used as an auxiliary tool to help establish the diagnosis of ADHD.[@b4-ndt-13-2921] Most CPTs employ visual stimuli. However, auditory CPT scores were found to be related to classroom behaviors.[@b5-ndt-13-2921] Moreover, auditory and visual CPTs did not show a perfect correlation among their correspondent parameters.[@b6-ndt-13-2921] A recent study has shown that handedness affected the performance of a visual CPT.[@b7-ndt-13-2921] Despite the crescent interest in auditory CPTs, little is known about the variables that influence CPT performance. To our knowledge, this is the first report of the effect of handedness on an auditory attention test.

Handedness is associated with structural and functional differences between the two hemispheres. Several neuropsychiatric disorders are related to handedness.[@b8-ndt-13-2921] Anomalous hemispheric asymmetries have also been reported in ADHD.[@b2-ndt-13-2921] However, the relationship between handedness and ADHD has not yet been demonstrated and is still a matter of controversy.[@b9-ndt-13-2921],[@b10-ndt-13-2921] Besides anomalous asymmetries, callosal abnormalities have been described in ADHD.[@b11-ndt-13-2921] As ADHD has been correlated to both abnormal brain laterality and disrupted interhemispheric connections, the definition of handedness should take into account the strength of the cerebral asymmetries and the efficiency of interhemispheric connections. The strength is associated with the direction of handedness since left-handers are known to be less lateralized than right-handers.[@b12-ndt-13-2921] Consistency of handedness is related to the efficiency of callosal connections, because consistent handers show decreased right hemisphere activation.[@b13-ndt-13-2921]

Here, we examined a possible relationship between handedness (direction and consistency) and auditory CPT variables. It is hypothesized that consistently left-handed subjects will show impairments in attentional performance because they are less lateralized and exhibit decreased interhemispheric connections.

Methods
=======

Participants were recruited from elementary schools. The ethical review committee of State University of Rio de Janeiro (UERJ) approved the research protocol. The participants' participation in the research was voluntary. The school principals and the parents or legal guardians of the children provided signed written informed consents for this study.

Handedness was assessed by direct observation of three tasks: 1) hand to write, 2) hand to take a sheet of paper on the table, and 3) hand to open a lid of a bottle. Each participant was classified as right consistent, left consistent, or non-consistent. To be consistent, the student had to perform the three tasks with the same hand.

The DSM-5 criteria were used during the clinical interview to identify students with ADHD.[@b14-ndt-13-2921] Furthermore, the teachers completed a standardized checklist composed of questions that are rated on a scale reflecting behavioral problems. The classification of the children also took into account qualitative information on behavioral problems provided by the teachers. Therefore, a child was included in the ADHD group if there were not any discrepancies among the qualitative observation by the teacher, the rating scale, and the clinical interview. Children with epilepsy, previous history of traumatic brain injury, psychosis, mood disorders, learning disabilities (including dyslexia, dysgraphia, and dyscalculia), or taking any kind of medication were excluded from the study. The control group was composed of children who did not present any behavioral problem.

Attentional performance was examined through the Continuous Auditory Attention Test (CAAT). The subjects were required to press the computer spacebar as soon as specific auditory target stimuli were heard. The hand used to perform the task was the same hand used to write. The participants listened to the recorded voice via a headphone. They performed the test individually. For each child, the loudness of the voice was checked to make sure that the subject could comfortably hear the sound. There were six blocks, with three sub-blocks each of 20 trials (syllable considered target and another syllable as nontarget). The parameters of the test included omission errors (OEs), commission errors (CEs), reaction time of correct responses (RTs), and variability of reaction time (VRT).

Initial sample included 337 students. From this sample, 22 students (11 consistent right-handed and 11 consistent left-handed) were chosen to participate (mean age =12.42 years, SD =3.20 years).

For each parameter of the CAAT, repeated ANOVAs were performed considering "handedness" as the repeated within-subjects factor (right vs left) and "disease" (control vs ADHD) as the between-subjects factor. The null hypothesis (absence of difference) was tested against the hypothesis of a deficit in attention performance in consistent left-handers (CLHs). The significance level was set 5%, one tailed. For those parameters of the CAAT in which the repeated ANOVAs showed a significant handedness effect or a significant interaction, post hoc comparisons were performed using pairwise Student's *t*-tests and Bonferroni's correction when needed.

This study used the matched-subject instead of the within-subject design because this design allows a smaller number of participants. The formula for the sample size (Np) required to compare pairwise difference is $$\text{Np} = \left\{ \frac{(Z\alpha/2 + Z\beta) \cdot \sigma}{D} \right\}^{2}$$where α= Type I error, for α=0.05, Zα/2=1.96; β= Type II error, for β=0.20, Zβ=0.84 (power =1 − β=0.80); σ= common standard deviation (based on a previous test--retest reliability study with 50 subjects); and D = minimum difference accepted.

Considering differences (D) that are psychologically meaningful, we found a minimum of six subjects for the pairwise comparisons between left- and right-handers.

Results
=======

The sample included 22 subjects drawn from the whole sample. The selection was designed to match gender, age, disease, and handedness. Eight children fulfilled the DSM-5 criteria for ADHD (four left-handed and four right-handed). It should be mentioned that the subjects were selected not simply by showing left-hand preference (10% of the population), but also by being CLHs (just \<5% of the population). Therefore, considering the whole sample, the number of CLH participants was \~17. Among these 17 CLH subjects, 11 completed all procedures. From the 150 consistent right-handed subjects, we randomly paired 11 consistent right-handers (CRHs) with the 11 CLHs (same age, gender, and presence/absence of ADHD).

Repeated ANOVAs showed a significant effect of handedness for CE (*F*=4.50, *df*=1/9, *P*=0.031). There was no significant handedness effect for RT (*F*=0.16, *df*=1/9, *P*.30%), OE (*F*=0.13, *df*=1/9, *P*\>30%) and VRT (*F*=0.08, *df*=1/9, *P*\>30%). Interaction between handedness and disease did not reach significance for all parameters of the CAAT.

The effect of handedness on CE is explained by the higher number of errors in CLHs as compared to CRHs ([Figure 1](#f1-ndt-13-2921){ref-type="fig"}). The interaction (handedness × disease) did not reach significance because the CE percentage difference between the two groups (ADHD and control) was very similar.

Discussion
==========

The present data suggest that consistently left-handed subjects show greater problems with the CPT performance compared to right-handed subjects. This result may reflect the fact that left-handers show less hemispheric asymmetries than right-handers and that consistent handers show less interhemispheric interactions than nonconsistent handers. It is known that a significant number of left-handers do not exhibit normal patterns of brain asymmetries, and these are needed for the neural processing of attention.[@b12-ndt-13-2921],[@b15-ndt-13-2921] Moreover, the CPT task engages the two cerebral hemispheres in an asymmetrical way.[@b16-ndt-13-2921] The effect of consistency of handedness may reflect that more consistent hand preference is associated with smaller corpus callosum size and decreased right hemisphere activation.[@b13-ndt-13-2921] Our data suggest that the need for interhemispheric interaction may be especially necessary for subjects with less hemispheric asymmetry.

In studies involving left-handers, limitations such as small sample sizes and heterogeneity among left-handers are some of the many that may appear. In this study, a matched pairs design and a reliable task were used to overcome the small number of consistent left-handed subjects. Using a matched pairs design and the available norms for the auditory task, we calculated the minimum number of subjects to find a difference which has a clinical meaning for each one of the parameters of the test. A similar approach was recently published in fibromyalgia patients.[@b17-ndt-13-2921] Apart from the great reliability of the CPT, the use of a paired design allowed us to use a small sample size. Sometimes a small difference in a big sample may reach statistical significance but may not show clinical significance. Here, although the sample was small, the results reached statistical and clinical significance, being then, relevant for clinical purposes.

One possible interpretation of the lack of interaction between handedness and disease was the small sample size. However, both control and ADHD groups showed an expressive handedness effect for the parameter of the task. Left-handers were found to be more impulsive than right-handers, and the presence of ADHD did not influence the result once the same proportional difference was already found in the control group by itself. Recently, we found the same results for the visual task using a larger sample size.[@b7-ndt-13-2921]

The handedness effect was found only for CE. CEs are viewed as a measure of impulsivity. Hardier and Wright suggest that behavioral inhibition is linked to consistency of handedness in left-handers.[@b18-ndt-13-2921] Our findings indicate that impulsiveness may be dependent on the direction and consistency of handedness. Therefore, in ADHD students clinical therapeutics and rehabilitation must take handedness into account. Further investigations should use more standard lateralization tests.
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**Notes:** (**A**) The percentage of commission errors made by left- and right-handers is shown for each one of the 11 matched pairs. Note that the percentage of commission errors is higher in left-handers compared to right-handers in 8 out of 11 matched pairs. Values are the percentage of commission errors (number of errors/total number of incorrect targets) made by each subject. (**B**) The means of the percentage of commission errors differ significantly between right- and left-handers. Note that left-handers make more commission errors than right-handers. Values are means and bars are standard errors. (**C**) Consistent left-handers with ADHD make the greatest number of commission errors, while right-handers in the comparison group make the lowest numbers of errors. The presence of ADHD increases the number of commission errors in both right- and left-handers. However, the difference between right- and left-handers is also exhibited by right- and left-handers in the normal group. Values are means of the raw percentage scores; lines are standard errors of the means.\
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